Signaling through Gsα is required for the growth and function of neuromuscular synapses in Drosophila  by Wolfgang, William J et al.
www.elsevier.com/locate/ydbio
Developmental Biology 268 (2004) 295–311Signaling through Gsa is required for the growth and function of
neuromuscular synapses in Drosophila
William J. Wolfgang,a,1 Catherine Clay,a Jacqueline Parker,a Ricardo Delgado,b Pedro Labarca,b
Yoshiaki Kidokoro,c and Michael Fortea,*
aVollum Institute, Oregon Health and Science University, Portland, OR 97239, USA
bCentro de Estudio Cientificos, Valdivia, Chile
cGunma University School of Medicine, Maebashi 371-8511, JapanReceived for publication 5 September 2003, revised 5 January 2004, accepted 9 January 2004Abstract
Although synapses are assembled in a highly regulated fashion, synapses once formed are not static structures but continue to expand and
retract throughout the life of an organism. One second messenger that has been demonstrated to play a critical role in synaptic growth and
function is cAMP. Here, we have tested the idea that signaling through the heterotrimeric G protein, Gs, plays a coincident role with increases
in intracellular Ca+2 in the regulation of adenylyl cyclases (ACs) during synaptic growth and in the function of synapses. In larvae containing
a hypomorphic mutation in the dgs gene encoding the Drosophila Gsa protein, there is a significant decrease in the number of synaptic
boutons and extent of synaptic arborization, as well as defects in the facilitation of synaptic transmission. Microscopic analysis confirmed
that Gsa is localized at synapses both pre- and postsynaptically. Restricted expression of wild-type Gsa either pre- or postsynaptically
rescued the mutational defects in bouton formation and defects in the facilitation of synaptic transmission, indicating that pathways activated
by Gsa are likely to be involved in the reciprocal interactions between pre- and postsynaptic cells required for the development of mature
synapses. In addition, this Gsa mutation interacted with fasII, dnc, and hyperexcitability mutants in a manner that revealed a coincident role
for Gsa in the regulation of cAMP and FASII levels required during growth of these synapses. Our results demonstrate that Gsa-dependent
signaling plays a role in the dynamic cellular reorganization that underlies synaptic growth.
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Introduction known to be involved in modulating this process, oneAlthough synapses are assembled in a highly regulated
fashion, once formed, they are not static structures but
continue to expand and retract throughout the life of an
organism. This process of dynamic reorganization is thought
to underlie complex neuronal functions including learning
and memory and depends on a variety of evolutionarily
conserved mechanisms that coordinate the growth and
activity of pre- and postsynaptic cells (Cohen-Cory, 2002;
Woolf and Salter, 2000). Of the many transduction pathways0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Albany NY 12208, USA.critical and conserved component of every form of synaptic
growth examined involves the second messenger, cAMP
(Davis and Goodman, 1998; Martin and Kandel, 1996).
In Drosophila, processes regulating synaptic expansion
have been revealed by examining the consequences of
mutations in genes that define specific biochemical process-
es on the formation of larval neuromuscular junctions
(NMJ), thus implicating each in the control of synaptic
growth (Keshishian et al., 1996; Koh et al., 2000). The
functions identified by many of these mutations have also
been shown to play a critical role in the development of
synapses in a number of other systems (Elgersma and Silva,
1999; Koh et al., 1999). The role of cAMP in Drosophila
NMJ growth emerged from an analysis of larvae containing
mutations in genes that control neuronal electrical activity
and cAMP levels. From these studies, a model was devel-
oped in which neuronal activity leads to elevated intracel-
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channels; increases in intracellular Ca+2 lead to activation
of Ca+2-calmodulin-regulated adenylyl cyclases (ACs) and
elevation of intracellular cAMP. Downstream processes
regulated by cAMP appear to mediate their effects through
down-regulation of the levels of the homophilic cell adhe-
sion molecule (CAMs), FASII, which normally acts to
restrain synaptic growth (Schuster et al., 1996a,b).
In addition to responding to Ca+2 signals, ACs are also
activated by the heterotrimeric G protein, Gs. While all
isoforms of AC identified so far are stimulated by the GTP-
bound form of the a-subunit of Gs (Gsa) (Cooper et al.,
1998; Smit and Iyengar, 1998; Taussig and Zimmermann,
1998), biochemical characterization of mammalian Ca+2-
calmodulin-regulated ACs (e.g., AC1) has demonstrated
that simultaneous elevation of Ca+2 and activation by Gs
following receptor activation result in cAMP levels many
folds higher than is possible by either stimulus alone (Impey
et al., 1994; Wayman et al., 1994). Since Ca+2-calmodulin-
regulated ACs are important coincidence detectors, it is
reasonable to predict then that both activity-dependent (i.e.,
Ca+2-mediated) and receptor-dependent (i.e., Gsa-mediated)
modulation of ACs may be required to establish correct
levels of cAMP for appropriate synaptic growth. To test the
role of Gsa signaling in synaptic growth and function, we
have taken advantage of the fact that all receptor-mediated
pathways for AC activation require Gsa. This work is
motivated by previous studies that have shown that alter-
ations in Gsa signaling, either in larvae carrying mutations
in the dgs gene encoding Gsa or by expression of gain-of-
function forms of this protein, result in predicted alterations
in the levels of cAMP and profound behavioral defects,
suggestive of alterations in synaptic transmission and plas-
ticity (Chyb et al., 1999; Connolly et al., 1996; Wolfgang et
al., 2001). Consequently, in this report, we investigate NMJ
development and synaptic activity in larvae containing a
hypomorphic mutation in the gene encoding the Drosophila
Gsa protein. Our results demonstrate that Gsa-dependent
signaling plays a role in processes that underlie synaptic
growth.Materials and methods
Fly stocks
The dgsR60 null, dgsB19 hypomorphic mutation, Gs27
transgene, and flies containing UAS-wtGsa, UAS-wtGia, and
UAS-HA-tagged wtGsa constructs have been described (Li
et al., 2000; Wolfgang et al., 1996, 2001). Df(2R)orBR-11 cn1
bw1 sp1/SM6A, dnc1, and GFP balancer stocks were sup-
plied by the Bloomington Stock Center. GAL4 drivers
elav3A4-GAL4, MHC82-GAL4, and B185-GAL4, which me-
diate expression throughout the CNS, muscles, and moto-
neurons and muscles, respectively (Davis et al., 1997;
Schuster et al., 1996a), were provided by Dr. G. Davis.GAL4 drivers C57-GAL4 and C380-GAL4, which mediate
expression in muscle and motoneurons, respectively (Bud-
nik et al., 1996), as well as eag1, Sh120, and dlgx-1 mutants,
were provided by Dr. V. Budnik. Stocks containing the
fasIIe86 mutation were provided by Dr. C. Goodman, and
rut1 f 1/FM7A stocks were provided by Dr. R. Davis.
Electrical recording
Nerve-evoked synaptic currents were recorded in third
instar larvae using the two microelectrode voltage clamp
techniques as described earlier (Acharya et al., 1998;
Delgado et al., 1998). Longitudinal muscles 6 or 7 at
abdominal segment A2 or A3 were used. The membrane
potential was held at 80 mV. Experiments were carried out
in a standard external solution, which had the following
composition (in mM): NaCl, 128; KCl, 2; MgCl2, 4; CaCl2,
0.2; HEPES, 5; sucrose, 36 (pH 7.3). To change the Ca2+
concentration, required CaCl2 was added to the external
solution. For stimulation, the nerve was cut close to the
ventral nerve cord and sucked into a pipette filled with the
standard external saline. The nerve was stimulated at inten-
sities intended to obtain maximal synaptic responses and at
frequencies indicated in each experiment using a program-
mable stimulator (Master-8, A. M. P. I., Jerusalem, Israel).
Data acquisition and analysis were performed using pClamp
software (Axon Instruments, Foster City).
Immunohistochemistry
Wandering third instar larvae were collected from un-
crowded vials that were maintained at 25jC. For dissection,
larvae were pinned out in Sylgard dishes and cut along the
dorsal midline, and the internal organs, fat body, discs,
major trachea, and brain were carefully removed. The larval
preparations were subsequently fixed in 4% formaldehyde
in phosphate-buffered saline (PBS) for 1 h at room temper-
ature, washed three times over 1 h in PBS containing 10%
horse serum and 0.3% Triton-X100 (blocking solution), and
then incubated with specific antibodies overnight at 4jC.
Polyclonal antibodies to Drosophila synaptotagmin (1/
2000; gift of Dr. H. Bellen), horseradish peroxidase (HRP,
1/1000; Capell), discs-large (1/1000; gift of V. Budnik),
Gsa (1/500; Wolfgang et al., 1991), and monoclonal anti-
bodies to FASII (1D4, 1/10; Developmental Studies Hy-
bridoma Bank and C. Goodman) and the HA epitope (1/
1000; Convance) were diluted in blocking solution. Anti-
body binding was detected using the HRP-based ABC Elite
kit (Vector Labs) or with an appropriate secondary antibody
coupled to either Alexa 488 (Molecular Probes), FITC, or
Texas Red (Vector Labs). For duel label analysis, a stack of
images for each fluorochrome was collected through the
entire thickness of the synapse using a motorized Axiophot
ll stage (Zeiss). The images where then deconvolved using
Openlab software (Improvision). The final image is from a
single layer of the deconvolved stack of images.
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Synaptic boutons were identified and quantified follow-
ing staining with antibodies directed against Drosophila
synaptotagmin. Larvae were examined at 40 using differ-
ential interference contrast optics. Boutons were counted on
muscles 6 and 7 in each hemisegment of abdominal segment
2. Branches were defined as sections of neurites containing
at least two boutons and extending from the principle axis of
the synapse in muscles 6 and 7, which runs along the
boundary between the two muscles. All data and statistical
comparisons were made in Statview (SAS Inc., Cary, NC).
Muscle size in mutant larvae was within the variation
observed in the case of control larvae.
Quantification of FASII staining by confocal microscopy
From a y f C(1)/Y/fasIIe86, cn1 bw1 dgsB19/CyO-GFP
stock, the following genotypes were processed together in
the same tube, mounted on the same slide, and imaged
during a single session on the confocal microscope. The
genotypes of the four larvae were y f C(1)/Y, cn1 bw1 dgsB19/
CyO-GFP females that served as controls; fasIIe86, cn1 bw1
dgsB19/CyO-GFP males that served as single fasIIe86
mutants; y f C(1)/Y, cn1 bw1 dgsB19/cn1 bw1 dgsB19 females
that served as single dgsB19 mutants; and fasIIe86, cn1 bw1
dgsB19/cn1 bw1 dgsB19 males that served as fasIIe86, dgsB19
double mutants. The four types of larvae were dissected as
previously described and fixed in 4% formaldehyde in PBS
for 1 h, washed in blocking solution, and incubated with
antibodies to FASII overnight at 4jC. Antibody binding was
detected with Alexa 488-conjugated second antibody. The
four larval types were then mounted on the same slide in an
antifade solution of 50% glycerol containing 0.5 mg/ml p-
phenylene-diamine. Neuromuscular synapses at muscles 6
and 7 and 12 and 13 for segments A2 through A5 were
imaged with a BioRad Scanning Laser Confocal microscope
at 3% power and 1500 gain. Under these conditions, there
was no appreciable bleaching of the specimens.
The ‘‘synapse staining intensity’’ of individual synapses
was determined in a manner similar to Thomas et al. (1997).
Using the ‘‘plot profile’’ function of NIH image 1.61, the
maximum intensity of a line drawn from the center of the
synapse to past its outermost edge was measured. Four
measurements for each synapse were made from lines drawn
at approximately 45j, 135j, 225j, and 315j to the axis of
the neurite traversing the synapse. From the average of these
four measurements, the background level of staining, deter-
mined as the average intensity of a line drawn on the muscle
adjacent to the NMJ being scored, was subtracted to
determine the synapse staining intensity for a given synapse
(Thomas et al., 1997).
To compare the synapse staining intensity between
different genotypes and between animals imaged at differ-
ent times, we calculated the index of intensity (i) for each
synapse in the following manner. The synapse staining
W.J. Wolfgang et al. / Developintensity between 40 and 60 synapses in the larvae of the
control genotype on an individual slide was averaged.
Then, for each synapse scored in both experimental and
control larvae, the synapse’s index of intensity (i) was
determined by dividing that synapse’s staining intensity
by the average intensity of the control synapses on that
slide. Thus, synapses from control animals have an average
intensity index (i) of 1. Indexes less than one indicate
reduced FASII staining compared to controls, while indexes
greater than one reflect elevated levels of FASII compared
to controls.
EM immunolocalization of Gsa
For EM studies, larvae were dissected as described above
and fixed on ice in periodate–lysine–paraformaldehyde for
1 h, washed in PBS, and quenched for 5 min in PBS with
0.05 M glycine (McLean and Nakane, 1974). Larvae were
then placed in EM blocking buffer containing 0.1% saponin
and 10% horse serum in PBS for 1–4 h at room tempera-
ture, incubated overnight at 4jC with antibodies to Gsa
diluted in blocking buffer (1/500), and then washed in three
changes of blocking solution over 1 h at room temperature.
Larvae were transferred to blocking solution containing
anti-rabbit IgG FAB fragments conjugated to 1.4 nm of
gold particles (1/100; Nanoprobes) for 1 h, washed again for
1 h in blocking solution, rinsed briefly in PBS, postfixed for
20 min in 1% glutaraldehyde, washed in blocking solution
containing 0.05 M glycine, and finally washed in water. To
detect the gold particles at the EM level, their size was
increased to between 5 and 10 nm by incubation in Gold-
enhance solution (Nanoprobes) for 5 min. The larvae were
then rinsed briefly in cacodylate buffer, postfixed in 2%
OsO4, rinsed again in cacodylate buffer, incubated in 2%
uranyl acetate for 30 min, and then dehydrated and embed-
ded in epoxy for conventional EM preparation and viewing.
Active zones are defined at the EM level as the synaptic
region containing cortical electron dense material and con-
stituting the site of vesicle release and neurotransmission
(Sone et al., 2000).Results
Synaptic defects generated by a mutation in dgs with
reduced function
Previous characterization of null mutations in the gene
encoding the Drosophila Gsa protein, dgs, indicated that the
late embryonic–early larval lethality associated with these
mutations is not associated with any striking morphologic
abnormality (Wolfgang et al., 2001). Thus, lethality is likely
due to the absence of an essential function mediated by Gsa
during the initial stages of larval development rather than a
requirement for this protein or the signaling pathway it
modulates in any particular step during embryogenesis.
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development in embryos homozygous for dgs-null alleles
using antibodies to HRP, FASII, or myosin heavy chain has
shown that all stages of embryonic neuronal and muscle
development proceed normally in mutant organisms (dataFig. 1. Synaptic structure of NMJs and quantitation of the number of boutons and
climbing stage larvae of various genotypes. (A) CS control; (B) w1; cn1 bw1, dgs
dgsB19 hemizygotes). All stained with antisynaptotagmin. (D) Quantitation of num
indicate that the values are significantly different from CS controls. Gs27 represe
2001). Note the reduced numbers of branches and synaptic boutons in dgsB19 ho
hemizygotes. Scale bar = 50 Am . *p< 0.05, **p< 0.01,***p< 0.001. n= 15–20.not shown). In addition, the generation of null photoreceptor
clones in the adult eye through mitotic recombination has
demonstrated that axonal projections to the CNS are estab-
lished normally in the absence of Gsa (data not shown).
Thus, the Gsa protein and the pathway it defines are notbranches on muscles 6 and 7 in abdominal segment A2 from third instar,
B19 (dgsB19 homozygotes); (C) Gs27; cn bw dgsB19/Df (2R)orBR-11 (rescued
ber of synaptic boutons and (E) extent of synaptic arborization. Asterisks
nts a dgs rescue transgene inserted on the X chromosome (Wolfgang et al.,
mozygote and hemizygote mutants compared to control or rescued dgsB19
Table 1
Quantification of boutons and branches in dgsB19 second instar larvae
Genotype Boutons F SE Branches F SE n
Control 34 F 7.5 6.7 F 0.67 6
dgsB19 35 F 2 4.9 F 0.38 15
P 0.86 0.02
n = number of hemisegments scored. Control represents CantonS larvae.
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sophila embryo, in the elaboration of any specific embry-
onic structures such as the nervous system, or in processes
involved in the cAMP-dependent regulation of growth cone
guidance as suggested in vertebrate systems (e.g., Ming et
al., 1997).
In contrast, the dgsB19 mutation is hypomorphic (reduced
function, not absence of function) since homozygous, trans-
heterozygous, and hemizygous mutants can survive up to
the pupal stage. The amino acid change generated by this
mutation, I373F, alters a C-terminal residue conserved in all
Gsa proteins. Indeed, the C-terminal 41 amino acids in Gsa
isoforms identified in Caenorhabditis, Drosophila, and
mammals are completely conserved (Harris et al., 1985;
Jansen et al., 1999; Quan et al., 1989). Numerous studies
have identified this domain as essential not only for inter-
actions between Gsa and receptors, but also for determining
G protein-receptor specificity (e.g., Akhter et al., 1998;
Conklin et al., 1996; Gilchrist et al., 1998, 1999; Mazzoni
et al., 2000; Rasenick et al., 1994). Previous studies have
also demonstrated that fly Gsa can couple receptors to the
activation of ACs in cultured mammalian cell systems in
which the expression of the endogenous Gsa protein was
eliminated (Quan et al., 1991) and that cAMP levels are
reduced in dgsB19 mutant larvae (Wolfgang et al., 2001).
Thus, it is reasonable to conclude that the substitution
generated by the dgsB19 mutation results in a reduction in
receptor-Gsa interactions, leading to the hypomorphic phe-
notype. Consistent with this interpretation, maternally mu-
tant dgsB19 embryos show similar levels and patterns of Gsa
staining as heterozygous siblings (Wolfgang et al., 2001),
suggesting that the dgsB19 phenotype is generated by ex-
pression of wild-type levels of a Gsa protein with reduced
function. These earlier studies also demonstrated that larvae
homozygous for dgsB19 are sluggish, not attracted to yeast
granules, and show uncoordinated movements, indicating
deficits in sensory-motor processes and raising the possibil-
ity that dgsB19 larvae have defects in neuromuscular func-
tion. To examine this issue in greater detail, we assessed
muscle innervation in Drosophila third instar larvae con-
taining the dgsB19 mutation.
Each hemisegment (abdominal segments A2–A7) of
third instar larvae contains a stereotyped pattern of 30
muscles. We focused our analysis on muscles 6 and 7 in
A2, which are innervated by two glutamatergic motor
neurons that form type I terminals (Budnik, 1996; Keshish-
ian et al., 1996). We visualized the overall pattern of
innervation by immunostaining with anti-HRP, which spe-
cifically labels all insect neurons (Jan and Jan, 1982), and
quantified the numbers of boutons and neuronal branching
by immunostaining with antisynaptotagmin, a component of
the exocytotic machinery that identifies synaptic vesicles.
We found that although the overall pattern of innervation
was normal, the number of synaptic boutons was signifi-
cantly decreased in wandering stage dgsB19/dgsB19 third
instar larvae, which contain two copies of the hypomorphicdgsB19 allele (dgsB19 homozygotes) (Fig. 1). Bouton numb-
ers were further decreased in dgsB19/Df(2R)orBR-11 larvae,
which contain one copy of the dgsB19 allele [dgsB19 hemi-
zygotes; Df(2R)orBR-11 is a deletion of the genomic region
containing the dgs gene]. Decreased numbers of boutons
were associated with a significant decrease in the extent of
synaptic arborization in dgsB19 homozygous larvae, which
was also further decreased in dgsB19 hemizygous larvae
(Fig. 1). In dgsB19 homozygous and hemizygous larvae, the
reduction in branching and bouton number was restored to
wild-type levels or partially restored to wild-type levels by
introduction of one copy of a transgene encoding of the
wild-type dgs gene. These observations implicate a role for
Gsa-mediated signaling in the regulation of synaptic ex-
pansion during larval growth.
To assess the developmental time course of the appear-
ance of defects in dgsB19 mutants, we examined NMJ
phenotypes at earlier developmental stages. As shown in
Table 1, while the extent of synaptic branching in dgsB19
mutants was slightly reduced in late second instar stages, the
number of synaptic boutons formed in mutant second instar
larvae was not significantly different from that observed in
wild-type controls (Table 1). Furthermore, immunocyto-
chemical analysis using antibodies to HRP, FASII, a marker
for the peripheral nervous system (Mab 22C10), or myosin
heavy chain demonstrated that neuronal and muscle devel-
opment proceeded normally during all embryonic and larval
stages (data not shown). When compared with the results
shown in Fig. 1, these data suggest then that defects in NMJ
formation only become apparent in dgs mutants during the
third instar stages, the period of greatest muscle expansion
and ensuing addition of NMJs. These observations are
consistent with the idea that signaling through Gsa specif-
ically contributes to the ability of neurons to form new
synapses and branches as the muscle grows.
Impaired synaptic plasticity in dgsB19 mutant larvae
To assess the physiologic consequences of the dgsB19
mutation, we examined synaptic transmission in mutant
larvae using standard electrophysiologic techniques. When
the nerve was stimulated at 0.3 Hz, the average amplitudes
of synaptic currents in control and homozygous dgsB19
mutant larvae were dependent on the external Ca+2 concen-
tration, as it was in control larvae, but were not significantly
different between mutant and control larvae at Ca+2 con-
centrations ranging from 0.1 to 0.3 mM (Fig. 2A). Since
Fig. 2. Nerve-evoked synaptic currents in dgsB19 larvae and controls. (A) The mean amplitude of synaptic currents versus external Ca2 +. The mean amplitude
of 10 consecutive synaptic currents evoked with stimulation at 0.3 Hz is plotted against external Ca2 + concentration (AM) for w1; cn1 bw1, dgsB19 mutant larvae
(o) and for control, cn1 bw1 (.). (B–D) Sample traces of synaptic currents during tetanus experiments in external solutions containing 0.2 mM Ca2 +. The
nerve was first stimulated at 0.3 Hz, then switched to 10 Hz for 50 s (tetanus), and finally returned to 0.3 Hz. The upper trace in each panel is a synaptic current
trace under voltage clamp. The lower graph is a plot of average amplitude of three consecutive synaptic currents before, during, and after tetanus against time.
The horizontal bar above the abscissa indicates the timing and duration of tetanus. (B) cn1 bw1 control. (C) cn1 bw1, dgsB19 homozygotes. (D) w1, Gs271; cn1
bw1, dgsB19 (dgsB19 homozygotes containing the Gs27 rescue transgene). Calibration bars in D apply to all current traces. (E) Summary of the results of tetanic
stimulation. Three columns for each set correspond to the mean amplitude of 10 consecutive synaptic currents before tetanus (solid column), at the end of
tetanus (hatched column), and immediately after tetanus (unshaded column). Genotypes indicated below each set of bars. The mean amplitudes during tetanus
and after tetanus were normalized to that before tetanus. Asterisks indicate that the values are significantly different from controls (*p < 0.05, **p < 0.01).
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also indicates that muscles are not detectably smaller than
controls in dgsB19 mutants. In the slope of the double
logarithmic plot, the apparent cooperativity, n, was 3.9 F
0.4 (n = 5) for dgsB19 mutant larvae and 3.6F 0.2 (n = 5) for
control larvae. When the stimulus frequency was increased
to 10 Hz for 50 s, the amplitude of synaptic currents in
control larvae (Fig. 2B) increased during tetanic stimulation(facilitation during tetanus) and remained increased after
tetanus for approximately 1 min [posttetanic potentiation
(PTP)]. In contrast, in dgsB19 homozygous larvae, the
amplitude of synaptic currents did not increase either during
or immediately after tetanic stimulation (Fig. 2C). Introduc-
tion of one copy of a transgene containing the wild-type dgs
gene (Gs27) into the dgsB19 mutant background rescued the
defects in facilitation of synaptic transmission during teta-
AB
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(Fig. 2D), demonstrating that these defects in the plastic
properties of synaptic transmission are due to the dgsB19
mutation. To quantify the extent of synaptic facilitation
during tetanus and posttetanus, the mean amplitude of last
10 synaptic currents during tetanus and that of first 10
synaptic currents after tetanus were normalized to that
before tetanus. These values were then compared among
mutant and control larvae. Both parameters in the mutant
larvae were significantly smaller than observed in the
control and were returned to control levels by introduction
of the rescue transgene (Fig. 2E).
Localization of Gsa at forming neuromuscular junctions
Although Gsa has been previously shown to be widely
distributed in embryos and to be enriched in the CNS at all
developmental stages, we examined the distribution of Gsa
specifically at the NMJ of late third instar larvae using
immunocytochemical techniques. Gsa is localized in NMJs
of both control (Fig. 3A) and dgsB19 mutants (Fig. 3B) in a
diffuse halo around each synapse. Immunolocalization at the
EM level revealed that the majority of Gsa immunoreac-
tivity is associated with the subsynaptic reticulum (SSR),
with substantially lower levels present in the presynaptic
nerve terminal (Fig. 3C). At the EM level, Gsa immunore-
activity does not appear to be concentrated in one region of
the synapse in either the pre- or postsynaptic cell, although
in the SSR, Gsa appears to be mostly associated with the
plasma membrane. Gsa is also associated with the sarco-
lemma (data not shown). To further confirm the pre- and
postsynaptic localization of Gsa at larval NMJs, we took
advantage of UAS transgenes that direct the expression of
HA-tagged forms of wild-type Gsa (Wolfgang et al., 1996).
Restricted expression of tagged forms of Gsa, as mediated
by either MHC82-GAL4 driver (muscle or postsynaptic) or
the elav-GAL4 driver (neuron or presynaptic), followed by
immunostaining of synapses with an antibody directed toFig. 3. Localization of Gsa at NMJs in muscles 6 and 7. (A) Light level
micrograph of Gsa in a CS control and (B) w1; cn1, bw1, dgsB19
homozygote. Note that in both cases, the distribution of Gsa appears as a
halo at the synaptic terminals. (C) EM immunolocalization of endogenous
Gsa in a wild-type (CS) NMJ. Gold particles are almost exclusively
confined to the postsynaptic subsynaptic reticulum (SSR) with only the
occasional gold particle localized presynaptically. Gold particles were not
strongly associated with synaptic densities but appear relatively uniformly
distributed throughout the SSR. Immunoreactivity was generally excluded
from mitochondria and the myofibrillar portion of the muscle cell. Gold
particles are also present on the sarcolemma outside of the SSR. Scale bar =
0.5 Am. Arrows indicate synaptic densities, and arrow heads indicate
synaptic vesicles. (D and E) NMJs in wild-type larvae following pre- or
postsynaptic expression of wild-type, HA-tagged Gsa and staining with an
antibody directed to the HA epitope. (D) Expression of wild-type, HA-
tagged Gsa postsynaptically using the MHC82-GAL4 driver. (E)
Expression of wild-type, HA-tagged Gsa presynaptically using the elav-
GAL4 driver. Scale bar in E = 30 AM and applies to A, B, D, and E.the HA epitope, clearly demonstrated the complementary
pre- and postsynaptic localization of Gsa (Figs. 3D and E).
Recently, it has been proposed that neurotransmission
and synaptic growth are regulated in two discrete subcellular
synaptic compartments: (1) the active zone, defined at the
EM level as the synaptic region containing cortical electron
dense material and constituting the site of vesicle release
and neurotransmission; and (2) the periactive zone, which
surrounds the active zone (Chang and Balice-Gordon, 2000;D
E
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spatial subdomains have been defined by the discrete
localization of specific proteins such as FASII and the
product of the discs-large gene (DLG). Thus, we compared
the distribution of Gsa within synapses to each of these
marker proteins.
FASII is expressed both pre- and postsynaptically, is
required in both cells for proper growth of NMJs, and at the
EM level is concentrated at the boundary between these two
cells. In light level images, FASII is absent from the active
zone and present in the periactive zone (Chang and Balice-
Gordon, 2000; Sone et al., 2000). Coimmunostaining with
FASII and Gsa antibodies shows that Gsa immunoreactivity
can be seen in regions that are devoid of FASII staining
(arrows, Fig. 4C), indicating that Gsa is present in synaptic
active zones (pre- or postsynaptic localization cannot be
determined in these light level images). Gsa overlaps with
FASII and thus is present in the periactive zone. Finally,
Gsa expression extends past the extent of FASII staining in
the SSR and is also detected on the sarcolemma (data not
shown).
The DLG protein, which is largely distributed postsyn-
aptically in the SSR, coordinates the localization of aFig. 4. Colocalization of Gsa with either FASII (A–C) or DLG (D–F) in synapse
active zones (Chang and Balice-Gordon, 2000; Sone et al., 2000). Gsa (B, red)
throughout a wider area of the SSR or sarcolemma. DLG (D, green) always coloca
into the SSR or sarcolemma than DLG. Arrows indicate active zones in A and Cnumber of molecules within synapses, including FASII
and Shaker potassium channels (Budnik et al., 1996; Lahey
et al., 1994; Tejedor et al., 1997), and is also required for
proper NMJ formation (Budnik et al., 1996; Lahey et al.,
1994). Colocalization of DLG and Gsa shows that in the
more proximal regions of the SSR (as defined by DLG
staining), the two proteins are expressed in overlapping
domains (Fig. 4F). However, in the more distal regions
away from sites of direct contact between nerve and muscle,
Gsa is present in regions devoid of DLG.
We also assessed whether colocalization of Gsa with
DLG is dependent on DLG by examining the localization of
Gsa in larvae containing the strong dlg mutation, dlgX-1
(Thomas et al., 1997). Gsa localization was not dramatically
altered by this dlg mutation or by mutations in other proteins
known to be involved in the localization of protein com-
plexes at NMJs, scribble (Bilder and Perrimon, 2000; Roche
et al., 2002), guk-holder (Mathew et al., 2002), and lethal
giant larvae (Bilder et al., 2000; Peng et al., 2000) (data not
shown). In addition, the localization of both DLG and FASII
appeared unchanged from wild type in dgsB19 mutant larvae
(data not shown). Thus, the Gsa protein occupies a unique
domain within synapses when compared to DLG and FASII;s of wild-type CS larvae. The absence of FASII staining (A, green) defines
and merged image (C) are present in regions devoid of FASII staining and
lizes with Gsa (E, red, and F, merged image), but again Gsa extends further
. Scale bar = 2.5 Am.
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Gsa is also present in domains that extend past those
associated with FASII and DLG staining. Moreover, the
localization of Gsa at the NMJ appears not to be dependent
on mechanisms regulating the localization of other synaptic
proteins examined in this study.
Expression of Gsa in nerve and/or muscle rescues NMJ
defects present in dgsB19 mutants
To determine the contribution of pre- and postsynaptic
expression of Gsa with respect to the generation of the NMJ
defects present in dgsB19 larvae, we used the GAL4-UAS
system to drive expression of wild-type Gsa in specific
patterns in third instar larvae (Brand and Perrimon, 1993;
Brand et al., 1994). Initially, we took advantage of the fact
that the B185-GAL4 drives expression in both nerves and
muscles (Davis et al., 1997; Schuster et al., 1996b) during
this stage. Larvae carrying the dgsB19 mutation and B185-
GAL4 driving expression of Gsa restored NMJ arborization
and bouton numbers to wild-type levels (Figs. 5B and 6A
and B). We then asked if restricted expression of Gsa in
either nerves or muscles alone would be sufficient to rescue
the NMJ defects present in dgsB19 homozygotes. To mediate
expression in neurons, pan-neural expression in embryos
and larvae was driven by use of the elav-GAL4 driver;
alternatively, expression was restricted to motor neurons byFig. 5. Structure of NMJs on muscles 6 and 7 in w1; cn1, bw1, dgsB19 mutant larvae
(A) CS, control; (B–D), w1; cn1, bw1, dgsB19 mutant larvae in which wild-type G
dgsB19, GAL4-B185/cn1, bw1, dgsB19; +/UAS-GsW24) (B); CNS using elav-GAL4
GAL4 (w1; cn1, bw1, dgsB19; C57-GAL4/UAS-GsW24) (D). The UAS-Gsa transg
absence of a GAL4 driver (w1; cn1, bw1, dgsB19; +/UAS-GsW24) (E). Expression o
dgsB19; elav-GAL4/UAS-GiW11) (F) or muscle (w1, MHC82-GAL4; cn1, bw1, dgsB1
observed in dgsB19 mutants. Synaptic boutons were identified and quantified foll
Scale bar = 50 Am.use of the C380-GAL4 insertion. To assess whether muscle-
specific expression could rescue neuromuscular defects
present in dgsB19 homozygotes, expression of Gsa was
mediated by the muscle-specific drivers, MHC82-GAL4
and C57-GAL4. The morphology of NMJs in each case
was rescued to that seen in wild-type larvae (Figs. 5C and
D). Quantitation of synaptic arborization and bouton num-
ber confirmed that directed expression of Gsa throughout
the CNS (elav-GAL4) or specifically in motor neurons
(C380-GAL4) is sufficient to rescue the defects in synaptic
branching and bouton formation present in dgsB19 homo-
zygotes relative to controls [e.g., dgsB19 homozygotes and
dgsB19 homozygote containing UAS-wtGsa alone (Figs. 5E
and 6A and B) or GAL4 drivers alone (data not shown)].
Furthermore, restricted expression of Gsa in muscle as
mediated by either the C57-GAL4 driver or the MHC82-
GAL4 driver is sufficient to rescue the dgsB19-mediated
defects in bouton formation relative to controls, while
muscle-specific expression was only able to partially rescue
the branching defects observed in dgsB19 mutants (Figs. 6A
and B). In addition, either pre- or postsynaptic expression of
Gsa was also able to rescue the defects in facilitation of
synaptic transmission during tetanus and posttetanic facili-
tation that was observed in dgsB19 mutants (Fig. 6C). In all
cases mentioned above, restricted expression of Gsa in both
nerve and muscle of wild-type larvae using the B185-GAL4
driver or expression in either nerve or muscle alone of wild-following pre- and postsynaptic expression of wild-type Gsa (UAS-GsW24).
sa is expressed in the CNS and muscles using B185-GAL4 (w1; cn1, bw1,
(w1; cn1, bw1, dgsB19; elav-GAL4/UAS-GsW24) (C); or muscles using C57-
ene does not effect synaptic structure in w1; cn1, bw1, dgsB19 larvae in the
f a related Ga protein, UAS-Gia, in either nerve (elav-GAL4) (w1; cn1, bw1,
9; +/UAS-GiW11) (data not shown) also does not rescue the synaptic defects
owing staining with antibodies directed against Drosophila synaptotagmin.
Fig. 6. Quantitation of the number of boutons and branches on muscles 6 and 7 in w1; cn1, bw1, dgsB19 mutant larvae following pre- and postsynaptic
expression of wild-type Gsa and assessment of rescue of synaptic function. (A) Quantitation of numbers of boutons and (B) the extent of synaptic arborization
following expression of Gsa in nerve and muscle (w1; cn1, bw1, dgsB19, GAL4-B185/cn1, bw1, dgsB19; +/UAS-GsW24), in the CNS (w1; cn1, bw1, dgsB19; elav-
GAL4/UAS-GsW24), in motor neurons (w1 C380-GAL4; cn1, bw1, dgsB19; +/UAS-GsW24), or in muscle (w1; cn1, bw1, dgsB19; C57-GAL4/UAS-GsW24 and w1
MHC82-GAL4; cn1, bw1, dgsB19; +/UAS-GsW24). The UAS-Gsa transgene does not effect the number of boutons and branches in w1; cn1, bw1, dgsB19 larvae
in the absence of a GAL4 driver (w1; cn1, bw1, dgsB19; +/UAS-GsW24) (data not shown). Expression of a related Ga protein, Gia, in nerve (w1; cn1, bw1,
dgsB19; elav-GAL4/UAS-GiW11) also will not rescue the synaptic defects observed in dgsB19 mutant larvae. Statistical comparisons are to values observed in
wild-type (CS) larvae; asterisks indicate *p < 0.05, **p < 0.01, ***p < 0.001; n = 15–20 hemisegments. (C) Summary of the results of tetanic stimulation in
larvae in which wild-type Gsa (UAS-Gs) is expressed in the CNS alone using elav-GAL4 or muscles alone using MHC82-GAL4 (genotypes as above). Three
columns for each set correspond to the mean amplitude of 10 consecutive synaptic currents before tetanus (solid column), at the end of tetanus (hatched
column), and immediately after tetanus (unshaded column). The mean amplitudes during tetanus and after tetanus were normalized to that before tetanus;
compare to Fig. 2F, which shows results obtained in similar experiments for dgsB19 homozygotes and controls. Asterisks indicate that the values are
significantly different from controls (*p < 0.05, **p < 0.01).
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Fig. 7. Synaptic overgrowth associated with eag1, Sh120/Y double mutants
and dnc1/Y, or fasIIe86/Y mutations is suppressed in the presence of the cn1,
bw1, dgsB19 mutation. CS = cantons, (dgsB19/dgsB19 = cn1, bw1, dgsB19),
(eag1, Sh120 = eag1, Sh120/Y), (eag1, Sh120; dgsB19/dgsB19 = eag1, Sh120/Y;
dgsB19/dgsB19), (dnc1 = dnc1/Y), (dnc1; dgsB19/dgsB19 = dnc1/Y; dgsB19/
dgsB19), (fasIIe86 = fasIIe86/Y), (fasIIe86; dgsB19/dgsB19 = fasIIe86/Y;
dgsB19/dgsB19), (rut1 = rut1/Y), (rut1; dgsB19/dgsB19 = rut1/Y; dgsB19/dgsB19).
Asterisks indicate that the number of boutons is significantly lower
between the mutant alone and individual mutations in combination with
the dgsB19 mutation (*p < 0.05, **p < 0.01, ***p < 0.001; n = 15–20
hemisegments).
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alter synaptic arborization or bouton numbers when com-
pared with controls (data not shown).
We also assessed whether restricted pre- and/or postsyn-
aptic expression of Gsa using these GAL4 drivers was
sufficient to rescue the lethality associated with the dgs
mutations. While B185-GAL4-driven expression of wild-
type Gsa in organisms carrying dgs-null mutations was not
able to rescue the embryonic lethality associated with these
mutations (data not shown), expression of Gsa using this
driver was able to rescue the late larval–pupal lethality
associated with the hypomorphic dgsB19 mutation. More-
over, restricted expression of Gsa in nerve or muscle alone
did not provided for rescue to adults as was possible with
the B185-GAL4 driver (data not shown). These results
indicate that the ability of restricted wild-type Gsa expres-
sion to rescue the lethality associated with the hypomorphic
dgsB19 mutant must depend on residual Gsa activity in other
tissues, and rescue requires simultaneous expression in both
pre- and postsynaptic cells.
NMJ defects present in dgsB19 larvae are not due to released
bc
The amino acid change introduced by the dgsB19 muta-
tion (I373F) alters a C-terminal residue in a domain of Gsa
essential for interaction with receptors but outside N-termi-
nal regions of the protein, which have been shown in crystal
structures to coordinate hg subunits (Sprang, 1997). These
considerations make it unlikely that the neuromuscular
phenotypes present in dgsB19 larvae are due to the release
or presence of unbound hg subunits that are then free to
artifactually activate downstream processes. However, since
hg subunits are potent mediators of signal transduction in
heterotrimeric G protein pathways, we directly tested their
involvement in the generation of the NMJ phenotypes
present in dgsB19 larvae. We used the GAL4-UAS systems
to drive the expression of an additional Ga protein, Dro-
sophila Gia, to bind (i.e., ‘‘soak up’’) hg subunits that
might be released as a consequence of the dgsB19 mutation
and to test whether the rescue observed in the case of Gsa
was specific for this a-subunit. Similar approaches have
been used in mammalian systems to demonstrate the hg
dependence of specific signaling processes (e.g., Faure et
al., 1994; Lustig et al., 1993). The results demonstrate that
neither expression of Gia specifically in neurons, by use of
the elav-GAL4 driver (Figs. 5F and 6A and B), nor muscles,
by use of the C57-GAL4 driver (data not shown), was able
to rescue the defects in synaptic arborization or bouton
formation present in dgsB19 larvae. Expression of the Gia
protein in wild-type larvae had no impact on NMJ formation
or viability (data not shown). Thus, the defects in NMJ
formation observed in dgsB19 mutant larvae cannot be
attributed to inappropriate activation of hg signaling path-
ways. Furthermore, rescue of the dgsB19 neuromuscular
defects is due specifically to the expression of Gsa sinceexpression of a related G protein a-subunit, Gia, does not
rescue these defects.
Synaptic expansion mediated by increased electrical
activity, cAMP, and decreased cell adhesion depend on
signaling through Gsa
Existing models on the role of electrical activity, intra-
cellular cAMP, and expression of the FASII cell adhesion
molecule in regulating the growth of larval synapses are
based largely on an analysis of genetic interactions be-
tween mutations affecting each of these components that
individually lead to excessive synaptic expansion. Given
this framework, we tested the idea that synaptic over-
growth observed in these mutant backgrounds is partly or
entirely dependent on normal Gsa activity by examining
NMJ formation in larvae containing the dgsB19 mutation in
combination with mutations affecting these other path-
ways. Specifically, we combined the dgsB19 mutation with
eag, Sh mutations affecting neuronal electrical activity, dnc
and rut mutations affecting cAMP levels, and a fasII
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molecule.
As previously reported (Budnik et al., 1990; Cheung et
al., 1999; Jia et al., 1993; Schuster et al., 1996b; Zhong and
Wu, 1991; Zhong et al., 1992), larvae containing eag1, Sh120
mutations, as well as individual dnc1 and fasIIe86 mutations
all exhibited elevated bouton numbers compared to wild-
type controls, while larvae containing the rut1 mutation
showed no significant defects in synapse formation (Fig.
7). Larvae containing fasIIe86 and dgsB19 mutations or eag1,
Sh120, dgsB19 triple mutant larvae had intermediate numbers
of boutons: fewer boutons than observed in the case of each
enhancing mutation alone but greater than those observed
for the dgsB19 mutation alone. However, larvae containing
both the dnc1 mutation and dgsB19 mutations (i.e., dnc1,
dgsB19 double mutants) had significantly fewer boutons than
dnc1 mutants alone and had bouton numbers that were no
different from larvae carrying the dgsB19 mutation alone.
Likewise, the number of boutons in rut1, dgsB19 double
mutant larvae was not significantly different from that in
dgsB19 single mutant (Fig. 7). These results are consistentFig. 8. Selected examples of confocal images used to compare FASII levels betwe
(B); single fasIIe86 mutants = fasIIe86/Y; dgsB19/CyO (C); and the double mutan
quantification, see Table 2. (E) Revised model of pathways by which activity- and
levels of cAMP, and subsequently synaptic growth through down-regulation of sy
following activation of PKA/CREB/CBP. Adapted from Davis et al. (1996, 1998with the idea that normal Gsa-mediated signaling is re-
quired to achieve the increased growth phenotypes observed
in eag Sh, dnc, and fasII mutants alone, as expected if
cAMP were in fact a key intermediate in this pathway
whose level is modulated by Gsa activity.
Modulation of synaptic FasII levels by the dgsB19 mutation
Synaptic overgrowth observed in eag, Sh double
mutants, or in dunce and fasII single mutants depends on
a reduction of FasII levels at the NMJ (Schuster et al.,
1996b). For example, overgrowth generated by the eag, Sh,
or dunce mutations can be blocked by ectopic, presynaptic
expression of FASII. These and other results have led to the
notion that down-regulation of synaptic FASII levels is both
necessary and sufficient for growth of NMJs. Given this
background, we examined whether the reduced synaptic
growth observed in dgsB19 mutants is associated with
elevated levels of FASII and whether the suppression of
synaptic overgrowth by the dgsB19 mutation in fasII mutants
is accompanied by a corresponding elevation in the level ofen control = XX; Y/dgsB19/CyO (A); single dgsB19 mutants = XX; Y/dgsB19
t fasIIe86; dgsB19 = fasIIe86/Y; dgsB19/dgsB19 (D). Scale bar = 20 Am. For
Gsa-dependent processes, acting in parallel, modulate the activity of ACs,
naptic FASII levels and synaptic strength through transcriptional processes
) and Marek et al. (2000).
Table 2
FasII staining intensity in dgsB19, fasIIe86, and fasIIe86; dgsB19 double
mutants
Genotype i n
dgsB19/Cyo 1.00 392/9
dgsB19/dgsB19 1.01 359/9
fasIIe86; dgsB19/Cyo 0.65 110/3
fasIIe86; dgsB19/dgsB19 0.83 119/3
i = index of intensity (the relative intensity compared to control tissues), see
Materials and methods for details; n = number of varicosities/number of
animals scored.
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mutant larvae compared to fasIIe86 mutant larvae; Fig. 7).
We assessed FASII levels in larvae of the relevant
genotypes by quantitative confocal microscopy (see Materi-
als and methods). In fasIIe86 mutant larvae (Fig 8C and
Table 2), there is a substantial reduction in FASII levels
(index of 0.65, Table 2) when compared to wild-type
controls (Fig. 8A), leading to synaptic expansion, as previ-
ously reported (Schuster et al., 1996b). In contrast, the
levels of FASII in dgsB19 mutant larvae (Fig. 8B) were not
significantly different from that observed in controls (index
of 1.01, Table 2). However, fasIIe86, dgsB19 mutant larvae
(Fig. 8D) have intermediate levels of FASII (index of 0.83,
Table 2), which were significantly different from levels in
either mutant alone or in controls (P < 0.001). Thus, the
suppression of synaptic overgrowth, observed in fasIIe86
mutant larvae, by the dgsB19 mutation (Fig. 7) is associated
with a significant increase in FASII levels.Discussion
The regulation of intracellular cAMP through Ca2+
regulation of Ca2+-calmodulin-activated ACs has been im-
plicated in processes modulating synaptic growth and
strength. The ACs responsible for activity-dependent
increases in intracellular cAMP integrate signals generated
both by increases in neuronal Ca2+ and the activation of
ACs through the Gsa protein. Using genetic approaches in
Drosophila, we have been able to show that signaling
through Gsa also leads to down-regulation of the relevant
CAM and consequently synaptic expansion. Since technical
limitations do not permit assessment of cAMP levels during
formation of NMJ, earlier work showing that Drosophila
Gsa serves as a potent activator of ACs, both in cultured
cells and in whole animals (Chyb et al., 1999; Quan et al.,
1991), and that the dgsB19 mutation leads to deficits in
cAMP (Wolfgang et al., 2001), making it logical to con-
clude that Gsa controls synaptic growth through modulation
of the levels of cAMP.
The dgsB19 mutation results in reductions in the number
of synaptic boutons, the extent of synaptic arborization, and
altered plastic properties of synaptic transmission at larval
NMJs; deficits that are largely, if not completely, returned tocontrol levels by transgenes encoding the wild-type dgs
gene (Figs. 1 and 2). Mutant larvae have impaired synaptic
transmission similar to that observed in larvae carrying
mutations in the rut gene; facilitation during high-frequency
tetanic stimulation and PTP is markedly reduced. These
results are consistent with a model in which activation of
ACs in wild-type larvae by Gsa-dependent processes con-
tributes to the generation of cAMP in synaptic terminals
required for the recruitment of synaptic vesicles from the
reserve pool and the facilitation of transmission during high-
frequency stimulation (Kuromi and Kidokoro, 2000;
Renstrom et al., 1997). Although the number of boutons
was found to be significantly decreased in dgsB19 homo-
zygotes, the amplitude of evoked synaptic currents was not
significantly different than controls. Thus, some compensa-
tory change is elicited in response to the dgsB19 mutation
that maintains the strength of synaptic transmission in spite
of decreased numbers of synaptic boutons, perhaps through
increases in the size of the readily releasable pool, a change
in the probability of release, or an increase in the number of
release sites per bouton.
Immunolocalization of Gsa at the EM level verified
that Gsa is localized within synapses and is highly
enriched in postsynaptic regions within the SSR, with
lower levels present presynaptically (Fig. 3C). Comple-
mentary pre- and postsynaptic localization of Gsa within
synapses was confirmed by restricted expression of epi-
tope-tagged forms of Gsa (Figs. 3D and E). Colocalization
at the light level of Gsa and FASII revealed the presence
of Gsa in both periactive and active zones (Chang and
Balice-Gordon, 2000; Sone et al., 2000). Moreover, Gsa
localization appeared not to be altered by mutations in
proteins, which serve to localize protein complexes at
NMJs. Thus, Gsa occupies synaptic subdomains associated
with both synaptic transmission and synaptic growth,
localized either directly or indirectly via as yet unidentified
organizing molecules.
We have used genetic interactions between the dgsB19
mutation and mutations that affect cAMP levels to assess
whether cAMP is the target of Gsa-dependent signaling
during synaptic growth. Our results show that the synaptic
expansion observed in eag, Sh double, and dnc single
mutants is suppressed in dgsB19 backgrounds (Fig. 7), as it
is in rut mutant background (Cheung et al., 1999; Schuster
et al., 1996b; Zhong et al., 1992), and as predicted if Gsa-
dependent signaling plays a role in regulating overall
synaptic cAMP levels. In contrast, synaptic defects ob-
served in dgsB19 larvae were not enhanced in larvae carrying
mutations in the rut gene. It is possible that more than one
AC isoform may be activated by Gsa during synaptic
growth (as indicated earlier, all isoforms of AC identified
so far are stimulated by the GTP-bound Gsa, and the
Drosophila genome potentially encodes up to seven AC
isoforms; Cann and Levin, 1998), and the combined acti-
vation of these ACs through Gsa and Ca2+ may be required
to set appropriate levels of cAMP. Indeed, elimination of the
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(Cheung et al., 1999; Zhong et al., 1992). Furthermore, only
mice in which the expression of both Ca2+-calmodulin-
regulated AC isoforms (AC1 and AC8) have been elimi-
nated exhibit deficits in physiologic responses reflecting
synaptic growth and plasticity (Wong et al., 1999). Alter-
natively, some proportion of the Gsa-generated signal may
flow through effectors other than AC [e.g., src (Ma et al.,
2000) or integrins (Meyer et al., 2000)]. However, the
physiologic analysis of synaptic transmission in dgsB19
larvae and the epistatic interactions outlined above, together
with previous results showing that Drosophila Gsa, serves
as a potent activator of ACs both in cultured cells and in
whole animals (Chyb et al., 1999; Quan et al., 1991), and
that the dgsB19 mutation leads to deficits in cAMP strongly
suggest that signaling through Gsa primarily controls syn-
aptic cAMP levels.
To determine the contribution of pre- and postsynaptic
expression of Gsa to the generation of the NMJ defects
present in dgsB19 larvae (e.g., see Figs. 5 and 6), we used the
GAL4-UAS system to drive expression of wild-type Gsa in
specific patterns in third instar larvae. Simultaneous pre- and
postsynaptic expression of Gsa restored synaptic arboriza-
tion and bouton numbers to control levels in dgsB19 larvae
(Fig. 6). We have also shown that expression of wild-type
Gsa either pre- or postsynaptically alone was sufficient to
rescue both bouton numbers and the physiologic defects
present in dgsB19 homozygotes. Thus, pathways activated by
Gsa are likely to be involved in reciprocal interactions
between pre- and postsynaptic cells. Precedents for such
reciprocal signaling between synaptic components abound.
For example, postsynaptic modulation of PKA activity
results in a reduction in quantal size that is accompanied
by an increase in presynaptic quantal content. (Davis et al.,
1998). Furthermore, postsynaptic overexpression of CBP,
the coactivator involved in mediating the downstream
transcriptional response evoked by cAMP, modulates pre-
synaptic transmitter release (Marek et al., 2000). In addition,
postsynaptic structural defects present in discs-large
mutants (dlg) can be substantially rescued by restricted
presynaptic expression of the wild-type dlg protein (Budnik
et al., 1996). Finally, in a study primarily based in the
physiologic consequences of expression of gain-of-function
Gsa proteins, it was concluded that a bidirection trans-
ynaptic communication network at the Drosophila NMJ is
based in Gsa signaling (Renden and Broadie, 2003), con-
firming the conclusions detailed here that the morphologic
and physiologic phenotypes of the Gsa hypomorph can be
similarly rescued by transgenic Gsa expression in either the
presynaptic or the postsynaptic cell. However, we cannot
specify the subcellular site of rescue since expression
mediated by GAL4 drivers occurs throughout the target
cell. Thus, for example, neuronal rescue of morphologic and
physiologic phenotypes present in the Gsa hypomorph may
be a response to the presence of Gsa either in dendrites, the
cell body, or presynaptic terminals.What remains to be determined are the mechanisms that
underlie this bidirectional communication. The pathways by
which cAMP mediates its effects in processes underlying
synaptic growth need not be the same as those involved in
modulation synaptic activity. Indeed, earlier studies outlined
above suggest that growth and function are modulated by
cAMP through genetically separable pathways. While pre-
vious studies have demonstrated that expression of specific
signaling proteins (e.g., hPS integrins; Beumer et al., 1999)
in both synaptic partners plays a key role in the regulation of
synaptic growth, synaptic function is not strongly impacted
by these pathways. However, in the case of Gsa-dependent
signaling, as is the case for activity-dependent processes,
synaptic growth and function appear to be both downstream
of the activation of the adenylyl cyclases at play. The
previous studies leading to the development of the basic
model shown in Fig. 8E have demonstrated that cAMP-
dependent down-regulation of FASII, required for synaptic
growth, and cAMP-dependent increases in synaptic function
each proceed by separable pathways following elevation of
synaptic cAMP; a decrease in FASII is not in itself sufficient
to alter synaptic function that requires PKA-dependent
modulation of the activity of the transcription factor CREB
(Davis et al., 1998). Thus, it is not surprising that Gsa-
dependent signaling can affect both synaptic growth and
synaptic function. In addition, the relevant cAMP-depen-
dent pathways in presynaptic cells do not necessarily need
to be the same as in postsynaptic cells.
The target of cAMP in the regulation of synaptic growth
appears to be the homophilic cell adhesion molecule, FASII.
Here, we show that the synaptic expansion generated by
mutational reduction of FASII was suppressed when signal-
ing through Gsa was abrogated by the dgsB19 mutation (Fig.
7), again as would be predicted if Gsa mediates its effects
through modulation of synaptic cAMP (Schuster et al.,
1996a,b). Additionally, it would be expected that suppres-
sion of fasIIe86-mediated synaptic expansion in dgsB19
mutant backgrounds would be reflected in the levels of
FASII protein at synaptic terminals; down-regulation of
FASII is considered necessary for structural expansion of
the synapse. As shown in Fig. 8 and Table 2, quantitative
confocal microscopy confirmed that the level of synaptic
FASII protein in fasIIe86, dgsB19 double mutants is elevated
compared to levels observed in fasIIe86 mutants alone.
These results support a model whereby Gsa-dependent
signaling plays an essential role in controlling FASII levels.
However, FASII levels are not elevated in dgsB19 mutant
larvae, as would also be predicted in this simple scheme
(Fig. 8 and Table 2). It is possible that the localized
reduction in FASII levels associated with formation of
new boutons (Bailey et al., 1992, 1997; Zito et al., 1999)
is impaired in dgsB19 mutants. While our methodology
would not have detected spatially localized changes in
FASII, when FASII levels are reduced throughout the nerve
terminal in fasIIe86 mutants, the elevation of FASII levels in
fasIIe86; dgsB19 double mutants become evident (Fig. 8D).
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Gsa-dependent activation of AC is a critical determinant of
intracellular cAMP, along with activity-dependent process-
es, leading to the coordinated activation of ACs, the ensuing
modulation of FASII levels required for synaptic growth,
and establishment of cAMP levels required for the normal
plastic properties of synaptic transmission (Fig. 8E). Thus,
Gsa-dependent signaling can affect both synaptic growth
and synaptic function, as can activity-dependent processes.
How is Gsa activated during synaptic growth? The most
parsimonious model is that Gsa is activated following
ligand-dependent activation of an unidentified G protein-
coupled receptor. The immediate effector(s) of cAMP in the
modulation of synaptic growth has also not yet been
precisely determined. In the classic scheme, Gsa-dependent
elevation of cAMP results in the activation of protein kinase
A (PKA); the PKA pathway has been implicated in the
regulation of synaptic transmission at Drosophila NMJs
(Davis and Goodman, 1998; Davis et al., 1996, 1998; Marek
et al., 2000). One possible model would posit that cAMP-
dependent down-regulation of FASII levels and the ensuing
structural growth of synapses may be reflective of local
changes in cAMP levels, while cAMP-dependent changes in
synaptic efficacy may depend on more global changes.
Spatially local changes in cAMP levels within individual
cells have recently been suggested by use of indirect
methods (Rich et al., 2001; Zaccolo and Pozzan, 2002).
Mechanistically, these differences may be reflected in the
cAMP-dependent activation of distinct populations of effec-
tors. Recently, a cAMP-activated guanine nucleotide ex-
change factor for the ras protein, CNrasGEF, has been
identified and shown to mediate the activation of ras
following Gsa-dependent activation of ACs in mammalian
cells (Pak et al., 2002; Pham et al., 2000). A CNrasGEF
homolog is encoded by the Drosophila genome (Lee et al.,
2002). The ras-mitogen-activated protein kinase cascade has
also been shown to regulate synaptic growth in Drosophila
through modulation of FASII-mediated cell adhesion (Koh
et al., 2002). A speculative model would propose then that
the dual actions of cAMP in regulating synaptic growth and
in modulating the strength of synaptic transmission have
their basis in the coordinated activation of distinct effectors.
What remains to be determined then are the mechanisms
that underlie the Gsa-dependent bidirectional communica-
tion demonstrated here and in other studies (Renden and
Broadie, 2003) and whether mechanisms activated by
cAMP in presynaptic cells are those also used by postsyn-
aptic cells. The genetic strategies available in Drosophila
should facilitate the identification of upstream activators of
Gsa and the individual effectors of cAMP in each process.Acknowledgments
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